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5 Introduction

This final report summarizes the work performed under Contract
No. F19628-78-C-0206 which the Electronic Systems Division of the
Air Force Systems Command granted to the EMtec Engineering, Inc.:
Los Angeles, California. The work was begun in August, 1978 and
completed in August, 1979.

The major objectives of this R § D study were to perform
theoretical and numerical analysis of multimode fiber optic components.
Specifically, the following multimode components were studied: (a)
Dual Fiber Couplers, (b) Fiber Tapers, (c) Fiber Horns and Branching
Waveguides, and (d) Mode Converters. In the following we shall
first present some background information on this subject and then
our mathematical approach will be delineated. 1In Section III
éelected results of our study are then summarized. Finally, the
concluding remarks and recommendations for future work will be
given in Section IV. Listings of the important computer programs

that we developed are also included in the Appendix.

II. Background and The Mathematical Approach

There are currently strong trends in system design toward
microminiaturization digital processing and system level integra-
tion in order to achieve smaller size, weight, and power consump-
tioh, along with lower cost and improved reliability. These trends
naturally point to data bus multiplexing, i.e., the interconnection
of a number of spatially distributed terminals via fiber optic

waveguides cables. The key component for any fiber data bus system

is the fiber coupler. Since multimode singlestrand fiber is used as
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a communication link in a data bus system, multimode fiber couplers
must be designed and used.

To design any coupler properly for a multimode single fiber
data bus system, detailed analysis of waveguide propagation must
be carried out. Existing techniques based on the finite elements
method,1 the coupled mode theory,2 or the geometrical optics method3
are usually inadequate. (Detailed discussions have been includedein
a review paper which would appear short1y4.) Although the finite

elements method is a very powerful approach when dealing with single-

- mode fibers or couplers, it is very inefficient and costly (in terms

of computer time) to obtain any results for multimode structures.
Similarly, coupled mode theory has been used quite successfully in
predicting the coupling efficiencies of single-mode structures, but
cannot be used for multimode structures. Although the geometrical
optics method using the ray-tracing technique may yield zero-order
results for multimode structures, it is too crude to predict the
wave behavior of light signals in couplers. Recently, Arnard5
developed a technique based on the Cook adiabatic coupler princip1e6
to treat the multimode coupler problem. He claims that "it may be
used to couple two optical fibers becausc the dimensions are not
critical; only slowness is required". Our technique, given below,
will provide more accurate results because it does not involve making
a priori assumptions on the relevance of the dimensions of the
structure and the slowness of the coupling. Furthermore, this
technique may be used to study mode conversion effects due to the
nonuniform distribution of dielectric material withint the guided
structure.

[t is noted that analysis based on the scalar wave approxima-




; i tion has been very successful in predicting the properties of many
optical devices whose characteristic dimensions are on the order of
many wavelengths. The scalar wave approach is therefare preferred.

. We have developed an efficient numerical technique based on the
scalar wave equations to solve problems dealing with multimcde
couplers.

It is well known that solving the exact electromagnetic

equations for a spatially inhomogeneous medium is a formidable

problem.. Multimode couplers and mode converters can be approxi- ;
mated by structures with a spatially nonuﬁiform dielectric medium.
Fortunately, there are some approximations that can be made to

simplify this task. First, the light wavelengths of interest are

much shorter than the inhomogensity scale length. This enables

us to neglect polarizatioﬁ effects. Hence, the optical field can J
be derived from a scalar u(x,z) that satisfied the reduced wave

equaticn7

(v? + kznz(g,z)l u(x,z) =0 , ' ¢9)

where k is the wavenumber 2w/A, A is the laser wavelength, and

n(x,z) is the spatially inhomogeneous refractive index of the

madium. Second, if we write u as the product of a factor g hpt

that accounts for the rapid change in the phase of u along the

direction cf propagation and a complex amplitude A(x,z), a further

PO

simplification of the calculational problem results:

pA

2
: : ? 2( 2, 2) Lo a0 Al R)
[12kn° 57 + VT + k7 (n (x, Z) - ng A(Z‘_' z) e s B SR

2)
3z2

2

+ 32/8y2 and ng is a

where V% is the transverse Laplacian Bz/ax
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given constant which represents the refractive index of some uni-

form medium. At laser wavelengths, the complex amplitude A(x)

varies much more rapidly transverse to the direction of propagation
than it does along the direction of propagation. This enables . | 4
us to make the paraxial approximation and neglect the term on

i
the right side of Eg. (2) (in the Russian literature this is called

the parabolic approximation). So, the complex émplitude now satis-
fies
3 2

Z i <

: ) i

[kano'-—-aZ + 2+ 2 4k (n (x, 2) - no)] Ax,z) =0 . (3
Ix ay :

In addition to Eqg. (3), the complex amplitude satisfies an initial

condition on the fiber end; at z = 0,

A(x,0) = u(x,0) %)
and the boundary condition is

Al 2y =0 . R (5)

If a truncated guassian beam is focused on one end of the optical
guide, then |

u(x,y,0) = ug exp(-x-%/wz) for0 £r=<b

(6)
= 0 for T eb oy

where r2 = x2 + y2, w is the spot size of the beam, and b is the

radius of the truncated beam at z = 0. :
We have solved Eq. (3) numerically in the following manner.

Let us write A(x,z) in the form
A(x,z) = exp[l(x,2)] v(x,2) , (7

where T'(x,z) is a phase function associated with the medium inhcmo-

e T S N




geneities

I'(x, z) [(&YJ)-"]d”:f- (8)

The modified complex amplitude v(x,z) then satisfies the eguation

i2kno -53;‘- v(x, z) + arr V,‘z[.[er v(x, z)] = S )

Although Eg. (9) does not look any easier to solve than Eq. (3), it
is easier to solve numerically because, for sufficiently small
increments in the z direction and an appropfiately chosen lower
limit in the integral in Eq. (8), the value of v(x,y,z + Az) can

be obtained to a good approximation by solving the simpler equation

: 3 2
[12kno 3=+ vT] vix,z) = 0 ° (10)

with the initial condition
v(x,y,0) = u(x,y,0) . (11)

Physically, these equations approximate the propagation in the
inhomogeneous medium by a two-step process at each z increment.
First, we propagate the field u(x,z) at z to z + Az assuming that
the intervening space is homogeneous. The effect of the inhomo-
geneities between z and-z + Az is then accounted for by multiply-
ing this solution by the phase factor exprl.

In this research we have solved Eq. (10) by the fast Fourier
transform technique. Replacing the Laplacian by its finite
difference equivalent but still retaining the z derviative, the

solution of Eg. (10) can be expressed in the form

vim,n,z) = ZZ V(m',n', z) exp{-— (mm' l-nn')] (12)

,n'=0

- e e MY AN T




e

e I;w 4o S -
' ¥ 2 Hs, i

i where x = mAx, y = nAx, and V (m', n',2z) satisfy

- ] f(m', n') s
i2kn -— t+—=~*[ V(m',n',z) = 0 (13)
[ 0 oz (Ax)—z }

with the initial conditions i 9

N-1
v i __1__2—‘ 2—1
V(m', n', Zi) = NZ " v(m,n, zi) exp [I‘(m, n, zi)]

(16). s
exp|- %’-(m'm + n'n)] ¢

The function f(m',n') is determined by the difference approximation

used to represent the Laplacian in Eq. (10). For example, if Vév |
is approximated by the simple central difference expression
Vév = L _[vim +1,n,2) - 2v(m,n,2)
(ax) '
+vym<1, n,2z) +v{im,n+1,z) : (15)
= 2v(m,n, z) + v(m,n - l,z)l >
then £(m',n') is .
1 1 i
| £lm',n') = -4[sinz (=) +sin2("—N'3—)] it (16)
é Note that the series in Eq. (12) is simply the discrete
: Fourier transform of the function V(m',n',z), and thus can be
evaluated numerically for a given V(m',n',z) by a fast Fourier .
ransform algorithm. Furthermore, the functien V(m',n',z) is
readily determined from Eq. (13) as
-3 ] ]
[ 1f(m s ') (z_zi)]
V(m',n',z) = V(m', n'zi) exp Zk(Ax) "ng ; an”
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where V(m',n',zi) is given by the series in Eq., (14), which can

also be evaluated by a fast Fourier transform algorithm. To

summarize, we will step from z to z + Az as follows: (1) take the
inverse discrete Fourier transform of u(m,n,z) = [exp I'(m,n,z)] .
v(m,n,z) by means of an inverse fast Fourier transform algorithm;
(2) multiply the result by exp [-if(m',n')Az/Zk(Ax)znO] and take
the discrete Fourier transform with a fast Fourier transform
algorithm; and (3) multiply the result by exp[TI'(m,n,z + Az)] to yield
u{m,n,z + Az). This process is repeated until we have reached the
desired z plane.

Using this algorithm we have been successful in obtaining many
meaningful results for various multimode structures. These results
are summarized in the following section.

II1 Multimode Fiber Components

Before we proceed with the presentation of the numerical results,
it should be recalled that we are dealing completely with total field
quantities and not with the modes. In other words, we are interested
in how the total field evolves as it propagates down the guiding
structure; we are not interested in how each mode propagates. Never-
theless, it is recognized that the total field may be decomposed into
a set of orthonormal guided modes. For example, an incident Gaussian
beam with a given beamwidth w may excite many modes in a parabolic-

index-profile fiber when @ >1 or when a<l with
a = (2xa)/ [ w?(28)1/%]

or may excite only one mode when & = 1. Only the o = 1 single mode
will propagate down the parabolic-index-profile guide without experi-

encing the focusing and defocusing effects. For a # 1 cases, the

Bt s v i deiin

R ———
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input Gaussian beam will experience focusing and defocusing effects.

Another way to interpret the above phenomenon is that multimodes

with different propagation constants are excited by the input beam
when o # 1, while only single mode is excited when o = 1. The .
stronger are the focusing-defocusing effects, the higher is the
content of different modes.

(a) Dual Fiber Couplers

The geometry of a multimode inhomogeneous fiber coupler is
shown in Fig. 1. Two graded-index fibers with index variation given

by

: rf,z
n(rl.Z) = Dk '-Ga .
1i 2

where r; , are the radial coordinates of 1 and 2 fibers, respec-
’

tively, and n,, §, a are all known constants, are fused together

as shown. The separation distance between the centers of the

fibers is d. A Gaussian beam representable by

a\2
u(x,y) = u, exp{ |- (x + 7) - yz /@2 s

where u(x,y) is the scalar wave function of the beam, and u_, w

o’
are given constants, is incident on one of the fibers. We wish
to learn how this beam evolves as it propagates down the coupled
structure. In other words, the coupling distance and the beam
shape will be obtained.

Results of our investigation on the multimode dual fiber

couplers are shown in Figs. 2-5. It is seen that if two identical

parabolic-index fibers were placed side by side with each other
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and if the beamwidth were so chosen that a« = 1 is obtained, one would

expect the guided power to interchange between the two fibers in a
periodic manner with a distinct single coupling length. On the
other hand, if o departs from unity, many modes are generated and .
many beat coupling lengths occur, so the guided power will no longer
interchange among the guides in a simple manner. For the a<<1l or
a>>]1 case, even larger numbers of modes are excited. Depending upon
how the incident energy is distributed among the excited modes the
back and forth (periodic) power exchange phenomenon could stiil
prevail if the major amount_of incident energy is distributed in
several low-order modes. Only when the incident energy is distributed
evenly among all modes and only in the limit of infinite number of
modes will the input power be split in a 50-50 manner between the
two fibers.

Sample program listing and printout for the evolution of field
intensities in the two unequal fiber coupler are given in Appendix A.

(b) Fiber Tapers

Fiber tapers have been commonly used to inter-connect two
optical waveguides of different cross-sectional sizes or shapes.
The effects of the transition on the guided fields are shown in
Figs. 6-10. It can be seen that very profound effects on the
guided fields are found. Extensive mode conversion may be present
even for gently varying tapers. Sample printout for the evolution
of field intensiters in the presence of the fiber tapers is given
in Appendix B.

(c) Fiber Horns and Branching Waveguides.

Numerical computations to obtain the field behavior in a
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multimode fiber horn structure or in a branching fiber guide have

also been carried out using the similar technique outlined earlier.

The cross-sectional index profiles are specified for each step in

the direction of wave propagation. Shown in Figs. 10-11 are plots .
of beam waist as a function of the longitudinal distance for various

different incident beam sizes.

(d) Mode Converters.

There exist many occasions when the presence of high order
modes rather than_low order modes is preferred in a multimode
fiber. It is known that nonuniform distribution of dielectric

3 materials with different indices of refraction within a fiber may

cause mode conversion. Taking advantage of this phenomenon, one
may design a low-order-modes to high-order-modes converter using
nonuniformly distributed dielectrics. For example, one such con-

verter may be the following structure:

. s 4
A—
The cross-sectional index profile may have the following form: .
M(r)
- v
Sacliom A-A
| . 22 -
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It is anticipated that the low order modes will be affected more

by the discontinnuities. Thus energy in the low order modes may
be converted into that of the high order modes as expected. Other
means of generating high order modes using variations of the above
scheme may also be envisioned.

To evaluate the efficiency of this type of mode converter,
and to learn the intensity distribution of the resultant field,
the evolution of an incident beam through this channel should be
obtained. We have successfully developed a program which is
capable of providing such information. Illustrative example is
given in Appendix C. It can be seen that ring-shaped higher order
modes can easily be generated by the introduction of a slight
dip in the index profile as proposed above.

IV. Conclusions and Recommendations for Future Work

We have successfully developed a computational technique,
based on the scalar wave - FFT method, to treat problems dealing
with various multimode fiber components, such as, fiber couplers,
fiber tapers or horns, fiber branches or mode converters. The
only significant restriction to keep in mind is that index variations
of the structure under consideration must be gentles. This consid-
eration is normally satisfied in most practical situations. The
basic objective of this R § D study is, thereby accomplished. Listing
of the computer program is given in the Appendix. By simply
specifying the index profile at each longitudinal z-step and knowing

the initial beam shape, one may generate the propagation characteris-

tics of the beam as it propagates down the structure.

Using this program, we were able to trace the evoluticn of




s

a given beam as it propagates down a given multimode graded index

fiber structure. If the multimode structure were a multimode
coupler made with two or more paralled graded index fibers in close
proximity of each other, we can predict the coupling distances as
well as the power distribution of the beam in such coupler; if

the structure weré a tapered or a flared multimode fiber, we were
able to learn whether a given tapered structure or a given horn
structure could still confine or guide a given beam; if the struc-
ture were a mode converter made with multimode fiber containing

an on-axis dip in its index profile, we can learn the effectiveness
of such a dip in converting lower order modes to higher order modes.

0

To achieve such capabilities, an extensive amount of computer
software was developed.

In the course of these studies, a number of important new
research topics were generated. For example, it is known that the
FFT scalar wave approach requires that the index-profile be gently
varying. But the quantitative definition of '"gently" must still be
specified. (We wish to push our ability to deal with almost step-
index profile fibers.) Initial indication (through our computer
results) seem to show that even with rather steep index gradient,
adequately accurate results were still obtainable. This problem
also leads to the need for us to study the possible usage of
adaptive coordinates to improve the beam resolution as it propagates
down the multimode structure. Another problem which is directly

related to the case of induced beam radiation caused by variations

in the guiding structure is also of great interest. Perhaps the
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introduction of a lossy surface for the outer boundary of our

computer mesh may provide a means of estimating the radiation loss.
Associated with beam radiation problem in the case of beam reflec-
tion caused by variations in the guiding structure, the reflection
coefficient may be obtained by correctly summing over incremental
reflection coefficients (i.e., taking into account the phéses of

the reflected waves) which occur whenever wave energy propagates from
a region with a certain index value to another region with a different
index value.

With the help of our newly developed program, the principal
thrust of the future work should be to study realistic multimode
fiber structures, such as data-bus type multi-channel couplers,
tapered or flared transition joints, multimode fibers with non-

ideal parabolic index profiles and to obtain data for these realis-

tic situations.
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Fiber Coupler
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so oo T UATA LEVEL/EN, S5K2, 5/ 5
; DATANCPw/10/ i
UATA MNLMAX /59/
C IFiLex==]F[Lel
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C 1. CrREATED 7/2/74 BY C, SOUTH A Gxo 4
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St D o T V) S T R e e s Rl GREYS

L0 350 «=1,LASTUI : ST e e A
AK=LASTLiI=-Kt1 GRE 1S
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MISSION
of
Rome Air Development Center

RADC plans and executes reseanch, development, test and
selected acquisition programs in support of Command, Control
Communications and Intelligence (C31) activities. Technical
~ and engineering support within areas of technical competence
48 provided to ESD Program Offices (POs) and other ESD
elements. The principal ( mission aneds are
communications, electromagnetic guidance and contrnol, sun-
veillance of ground and aerospace objects, intelligence data
collection and handling, infonmation system technology,
Lonospheric propagation, solid state sciences, microwave
physics and electronic neliability, maintainability and
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